Acylation of cellular proteins with the fatty acids myristate or palmitate represents an important mechanism for the co-or posttranslational modification of proteins. Lipid A, the biologically active component of bacterial endotoxin, exerts a number of biochemical effects on responsive cell types. Evidence is presented that lipid A stimulates the synthesis and subsequent myristyl acylation of intracellular monocyte and glomerular mesangial cell proteins. Two of the myristylated monocyte proteins were identified by specific immunoprecipitation as the 33-kD IL 1 a and ,8 precursors; a similar myristylated protein was found in mesangial cells. The 17-kD secretory form of monocyte IL 1 ft did not contain covalently linked myristate.
Introduction
The activation of eukaryotic cells by the gram-negative bacterial cell wall component, lipopolysaccharide (LPS), has been extensively documented. Until recently, little was known about the precise biochemical mechanisms whereby LPS, or its biologically active component, lipid A, elicited the diverse group of responses included under the term cellular activation. Studies using murine peritoneal macrophages have shown that one early action of LPS is the induction of a set of new genes, including the c-myc and c-fos protooncogenes (1) . These events are associated with the enhanced synthesis of several specific macrophage proteins that may play a role in modulating the cellular response to LPS (2, 3) . Alterations in the pattern of protein phosphorylation and hydrolysis of polyphosphoinositides have also been attributed to LPS action (4) . Although significant, these investigations have focused upon biochemical alterations in murine peritoneal macrophages and it remains to be determined whether such events represent LPS activation of all responsive cell types. tion of glomerular MC by bacterial cell wall components rapidly alters cellular morphology and stimulates the release of prostanoids and protein inflammatory mediators, including IL 1 (5, 6) . These mediators may play an important role in the alterations in glomerular hemodynamics characteristic of septicemia and in the induction of the cell proliferation that accompanies many types of postinfectious glomerulonephritis.
In addition to the biochemical alterations discussed above, LPS was recently found to stimulate the acylation of several proteins in resident murine peritoneal macrophages (7) . These findings suggested that LPS-dependent acylation of newly synthesized proteins may represent an additional mechanism whereby endotoxins modulate the cellular activation process. Protein fatty acid acylation involves primarily the covalent binding ofpalmitate or myristate through the action ofspecific acyltransferase enzymes. The posttranslational, thioester linkage of palmitate has been demonstrated for several critical cellular proteins, including the transferrin receptor and the HLA glycoprotein (8) (9) (10) . In contrast, the myristyl acylation of proteins occurs through amide bonds as a cotranslational event (1 1, 12 Western blot analysis in our laboratory).
Preparation of cells. MC growth medium consisted of DME supplemented with 20% FCS, ITS, 300 Ag/ml glutamine, 50 U/ml penicillin, and 50 gg/ml streptomycin. The culture of rat MC has been described in detail in previous reports (26, 27 Electrophoretic methods. Labeled proteins were analyzed by both one-and two-dimensional electrophoresis. For these studies, equal amounts of either protein or radioactivity (I X 106 dpm) were analyzed. SDS-PAGE was performed on 12.5% discontinuous gels according to Laemmli (30) . For two-dimensional analysis, the labeled proteins were separated by IEF on 0.4-mm ultrathin polyacrylamide gels according to Goldsmith et al. (31) using 1.4% 4-6 ampholines and 0.6% 3-10 ampholines (LKB Instruments, Inc., Bromma, Sweden). Focused proteins were separated in the second dimension on 12.5% discontinous gels precisely according to O'Farrell (32) . After electrophoresis, the gels were fixed in 10% TCA/30% ethanol for 45 min, washed twice in 5% TCA/30% ethanol, and soaked in En3Hance (New England Nuclear). The gels were dried under heat and vacuum and analyzed by autoradiography at -70°C using preflashed Kodak X-OMat film with intensifying screens. The films were exposed under linear conditions. Analysis of the autoradiograms was performed by linear densitometry and computer imaging analysis using an X-Y digitizer (Bioquant, Nashville, TN). Isoelectric points were determined from the migration patterns of stained standard proteins (IEF calibration kit; Pharmacia Fine Chemicals). Phosphorylase b (94 kD), BSA (67 kD), ovalbumin (45 kD), trypsin inhibitor (20 kD), and lactalbumin (14 kD) were used as molecular weight standards for SDS-PAGE.
Immunoblotting. Secreted IL I from the supernatants of human monocytes incubated with [3H]myristate and lipid A was immune precipitated as detailed above. The immune precipitates were solubilized in reducing Laemmli sample buffer and electrophoresed on 12.5% discontinuous gels. After electrophoresis, the proteins were transferred to nitrocellulose and blocked in PBS containing 50 g/liter nonfat dried milk and 0.5% Tween 20. Blocked sheets were washed in PBS/Tween and incubated for 18 h at 40C with S ug/ml rabbit antihuman IL 1 IgG. Thereafter, the sheets were washed and incubated at 250C with a 1:1,000 dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) for 2 h. The sheets were washed and developed with alkaline phosphatase-coupled biotin-avidin complexes (Vector Laboratories). Developed blots were photographed and sprayed with En3Hance for autoradiography.
Analysis of acylated proteins. The cellular lysates from human monocytes incubated with [3H]myristate and lipid A were separated by two-dimensional electrophoresis and transferred to nitrocellulose as detailed above. The proteins of interest were identified by autoradiography and cut out. Noncovalently bound fatty acids were removed by washing the nitrocellulose in chloroform/methanol (2:1) until the radiation approached background levels. Thereafter, acid methanolysis of the acylated proteins was performed by heating the samples at 1 10°C for 60 h in a solution of 83% methanol/2 M HCI, containing 10 Ml each of 20-mg/ml stock solutions of myristic and palmitic acid (Sigma Chemical Co.). The reaction solution was extracted three times with petroleum ether and 20 Al each of 20 mg/ml stock solutions of methyl myristate and methyl palmitate were added. The samples were evaporated under nitrogen, resuspended in methanol and separated and identified by reverse-phase HPLC using a 4.6 mm X 25 cm C18 column (Rainin Instrument Co., Woburn, MA). The column was developed with 80% (vol/vol) acetonitrile/0.1% trifluoroacetic acid/0.5% triethylamine at a flow rate of I ml/min. Serial fractions were collected, suspended in counting scintillant (Amersham Corp., Arlington Heights, IL) and quantitated by liquid scintillation counting. The elution profile of radioactivity was compared with the absorbance elution profiles of standard palmitic and myristic acids and their respective methyl esters.
Results
In the first series of experiments, the short-term effects of lipid A on the rates of protein synthesis and acylation by human peripheral blood monocytes were examined. For these studies, the monocytes were incubated with lipid A in the presence of [35S] Incubation of human monocytes with [3H]myristate for 4 h led to the acylation of a small number of cellular proteins (Fig. 2 A) . A major increase in the number ofacylated proteins was noted after stimulation with lipid A (B). Significantly, both components of the 33-kD protein doublet were myristyl acylated, a process that was greatly enhanced by lipid A.
The effects of lipid A on monocyte protein synthesis and acylation were detectable as early as 1 h after stimulation ( . ' ' , . . . , 4 , -. (Fig. 4, Part I) . Determination of specific activities indicated an approximate 2.5-fold stimulation of total MC protein synthesis by lipid A (controls: 4.7 X 104 cpm/10 jig protein vs. lipid A: 1 1.3 X 104 cpm/10 ,ug protein). A specific enhancement in the synthetic rates of a smaller number of mesangial proteins was also present when equal amounts of radioactivity were subjected to electrophoresis. The prominent protein at 33 kD (arrow) was specifically stimulated by a factor of two to three under these conditions. Myristyl acylation of several MC proteins was readily observed in control cultures incubated with the labeled fatty acid for 4 h (Fig. 4, Part II) . Addition of lipid A to the cultures led to enhanced myristyl acylation of several of these proteins, the most prominent of which were 94, 60, 40, 33, and 28 kD in size, respectively. When equivalent amounts of radioactivity were electrophoresed, the myristyl acylation of the prominent 33-kD protein was found to be specifically stimulated by a factor of two to three. Two-dimensional electrophoretic analysis of the [35S]methionine-labeled MC lysates provided further characterization of the prominent 33-kD protein, which contained two components with pI of 7.2 and 6.3 (Fig. 5 A) . The synthesis of each component of the 33-kD protein was enhanced by incubation with lipid A (Fig. 5 B) . Two-dimensional electrophoretic analysis of [3H]myristate-labeled cellular lysates yielded an identical pattern (data not shown).
The nature of the prominent acylated 33-kD monocyte and MC proteins suggested a relationship to the intracellular precursors of IL 1 (33, 34 (Fig. 6 A) . Addition of increasing concentrations of purified recombinant 33-kD IL-1 , protein effectively competed for the precipitation of the labeled protein (Fig. 6 B) of competition with excess recombinant IL 1 # (Fig. 7, A (Fig. 9) (Fig. 10) . Precipitation of the labeled 17-kD molecule could be blocked by competition with excess cold recombinant IL 1 , (data not shown). When monocyte synthetic responses to lipid A were much greater than those of MC. In both cell types, myristyl acylation of a limited number of proteins occurred, a process augmented by lipid A. Although greater stimulation of protein synthesis and myristyl acylation could be achieved with longer periods of lipid A exposure, we chose to focus our study on the cohort of proteins appearing during the early phase of the cellular response to lipid A. The patterns ofmyristyl-acylated proteins in MC and monocytes were, with one notable exception, discordant, suggesting that the acyl proteins are synthesized in a cell-specific fashion.
The process of protein myristyl acylation in these two cell types is dependent upon new protein synthesis, a finding consistent with the cotranslational nature of this process in other cell types (11, 12) . The myristate is coupled via amide bonds and, at least in terms ofthe IL 1 precursors, linked as the intact fatty acid. Although these studies did not specifically address the stoichiometry of the acylation process, the general enhancements in total protein synthesis and in myristyl acylation induced by lipid A were of a similar degree. Ser5' in the IL 1 a precursor and Gly17 Asn'8 Gly19 Asp20 Asp21 within the IL 1 (# precursor, which in each case would require proteolytic processing before NH2-terminal glycine acylation. Alternatively, internal residues such as the E-amino group of lysine may provide sites for myristyl acylation, as suggested for the nicotinic acetylcholine receptor (10, 11) and the ,u immunoglobulin heavy chain (22) . In the experiments reported here, a small amount of palmitate labeling of the IL 1 precursor molecules was noted. The presence of both myristate and palmitate on the same molecule has been documented in the case of the insulin receptor ,B chain, even when only one radiolabeled precursor was used (41) . This most probably represents two-carbon chain elongation ofthe myristate precursor to palmitate, with subsequent protein acylation, presumably at a site distinct from the myristyl acylated residue(s) (10) .
The mechanisms governing IL 1 synthesis, processing, and secretion have been the object of considerable interest. The IL 1 a and # precursors are unusual both for the absence of a typical hydrophobic leader sequence and the size (16 kD) of the NH2-terminal portion removed during processing to the mature forms. The NH2-terminal 16-kD components ofthe IL 1 a and # precursors have significantly higher degrees ofamino acid and structural homology than the rest of the molecules, suggesting that these components perform a conserved biologic function (34). Kurt-Jones et al. (42) have described a membrane-associated form of biologically active IL 1, although the size of this molecule was not determined. Recent studies have localized IL 1 a, which is active in the 33-kD precursor form (43) , to the monocyte plasma membrane (25) . In contrast, immunoelectron microscopic studies have localized the IL 1 # precursor almost exclusively to the cytoplasmic ground substance of activated monocytes (44) . Virtually no IL 1 # precursor was detected in the Golgi apparatus or endoplasmic reticulum, suggesting that IL 1 secretion involves a novel secretory pathway. This intracellular pattern of IL 1 , distribution is compatible with synthesis on free polyribosomes, as suggested for the synthesis of other myristylated proteins (45) . Recent evidence indicates that a substantial portion of the cytoplasmic IL 1 # precursor is in fact sedimentable and is associated with microsomes as an integral membrane protein (46 
